In addition to playing a fundamental structural role, the F-actin cytoskeleton in neuroendocrine chromaffin cells has a prominent influence on governing the molecular mechanism and regulating the secretory process. Performing such roles, the F-actin network might be essential to first transport, and later locate the cellular organelles participating in the secretory cycle. Chromaffin granules are transported from the internal cytosolic regions to the cell periphery along microtubular and Factin structures. Once in the cortical region, they are embedded in the F-actin
Introduction
Chromaffin cells are specialized in the synthesis, storage and release of a mix of active substances, including catecholamines, peptides and ATP in order to initiate a coordinated response to stress or danger. These substances are densely packed in chromaffin granules, which originate in the endoplasmic reticulum (ER) and maturate through the Golgi system (Winkler, 1977) . In consequence, granules have to be transported from the cell interior to the cell periphery before they can release their content by calcium-dependent exocytosis.
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As expected, the major cytoskeletal networks of microtubules and filamentous actin (F-actin) are the essential elements controlling organelle motion in this neuroendocrine model andthey are, therefore, involved in the transport of chromaffin granules in the basal resting state and also during secretion (Neco et al., 2003) . It is important to notice, however, that the existence of a dense cytoskeletal F-actin cortex in these cells (Trifaro et al., 1985; Sontag et al., 1988) dramatically influences the relative importance of both cytoskeletal systems when controlling the motion of vesicles in the cell interior or approaching the secretory sites. Interestingly, a recent work demonstrates the existence of different populations of mitochondria in the cortex and cytosol, and demonstrates the important role of the cytoskeletal proteins in the transport and stabilization of such populations (Villanueva et al., 2014) , therefore extending our current vision of the role played by the cytoskeleton in the transport of different organelles in chromaffin cells.
In consequence, the organization of the transport and distribution of organelles, discussed here, could be added to the multiple roles played by the F-actin cytoskeleton in the chromaffin cell function (Malacombe et al., 2006; Trifaro et al., 2008; Gutierrez, 2012; Papadopulos et al., 2013a) .
Chromaffin granule motion in deep regions of the cytosol
The use of confocal microscopy was instrumental in visualizing the motion of chromaffin vesicles in the inner region of the chromaffin cell cytosol (Neco et al., 2002 (Neco et al., , 2003 . This motion is sensitive to inhibitors of F-actin and microtubules, which immobilize a dense cytoskeletal network co-localizing with the Golgi structures adjacent to the nucleus (Neco et al., 2003) , and probably stabilize its cisternae (Caviston & Holzbaur, 2006) . In agreement, kinesin antibodies are associated with
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this perinuclear region (Schmitz et al., 1994) , but are present in low amounts in chromaffin granule pools enriched by fractionation. According to the role of microtubules in vesicle transport in the internal zone of cytosol, taxol and vinblastine affect chromaffin vesicle release elicited by repetitive stimulation that involves the recruitment of vesicles from late vesicle pools (Neco et al., 2003) .
In addition, myosin V has been found to associate with chromaffin granules (Rose et al., 2003) and dense vesicles in PC12 cells (Rudolf et al., 2003) and is especially abundant in the chromaffin cell cytosol (Neco et al., 2002) . This F-actin motor protein possesses a tail region designed for interaction with cargo vesicles (Hasson & Mooseker, 1995) and has been proven to accompany vesicles during biogenesis, ensuring their correct redistribution in the cell cortex after microtubule transport (Kogel et al., 2010) . Another F-actin-associated motor protein, myosin II seems to be relevant in controlling the motion of vesicles in the cytosol of these cells since inhibitors, such as wortmannin, BDM and the specific Peptide 18 (Lukas et al. 1999) , affect granule motion visualized by confocal microscopy (Neco et al., 2002) .
Therefore, microtubules and F-actin structures cooperate to transport vesicles in the interior of the chromaffin cell cytosol using kinesin, while myosins II and V do so as protein motors (Trifaro et al., 2008; Gutiérrez, 2012 ) (Figure 1 ).
Peripheral F-actin and the motion of chromaffin granules in the cell cortex
Traditionally, the F-actin cytoskeletal cortex was envisioned as a barrier impeding the access of the vesicles to releasing sites Vitale et al., 1995) . Nevertheless, a number of contributions using evanescent wave microscopy showed the motion of vesicles embedded in the cell cortex (Lang et al., 1997; Steyer & Almers, 1999; Oheim & Stuhmer, 2000; Johns et al., 2001) , although
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they appear to suffer increasing mobility restrictions when approaching the plasma membrane. These restrictions may arise from two different causes: the interaction of granules with docking or tethering elements, such as SNARE proteins (Rosado & Sage, 2000; Toonen et al., 2006) , or from granule imprisoning into their own F-actin cortical network (Steyer & Almers, 1999; Oheim & Stuhmer, 2000) , since it forms a dense reticular network where the vesicles move in association with narrow polygonal cages (Giner et al., 2005; Giner et al., 2007 ) (see Figure 1 ). Besides its role in causing structural restriction of the chromaffin granules, the F-actin cytoskeleton controls vesicular dynamics through the action of molecular motors such as myosin V. It has been proposed that the small GTPase, Rab27 and MYRIP protein mediate the interaction between myosin Va and chromaffin granules, regulating transport in the proximity of secretory sites (Desnos et al., 2003) . Today, it is well accepted that myosin V is an essential element not only for the transport of vesicles, but also for influencing later phases of docking and membrane fusion (Kogel et al., 2010) . During this phase of vesicle approach to the membrane, F-actin "de novo" polymerization at PIP2 sites under the control of small GTPases would define the final destination of the granules (Gasman et al., 2003; Gasman et al., 2004) (Figure 1 ). Recently, it was shown that production of PIP2 by itself promotes vesicle access to the plasma membrane (Wen et al., 2011) in a process that involves the activity of myosin VI (Tomatis et al., 2013) .
In addition to unconventional myosin V, there is strong evidence supporting a role of conventional non-muscle myosin II in the motion of granules within the cortical region of neuroendocrine cells. This myosin form co-localized with the cortical Factin structure, and the use of myosin II inhibitors, such as BDM and blebbistatin, inhibits the motion of the granules in the cortical region as observed by confocal
microscopy (Neco et al., 2002) . In addition, it has also been shown that the expression of an inactive non-phosphorylatable mutant of the myosin II regulatory light chain reduces the motion of the vesicles within cortical and internal regions of the chromaffin cells cytoplasm (Neco et al., 2004) . Later, the motion of the vesicles was shown to be associated with the dynamics of cytoskeletal polygonal cages present in the cell cortex (Giner et al., 2007) . This finding is in agreement with the effect of F-actin and myosin II inhibitors causing motion restriction rather than a decrease in the velocity of the granules (Lang et al., 2000; Oheim & Stuhmer, 2000; Berberian et al., 2009) . Furthermore, in experiments involving the simultaneous visualization of F-actin dynamics using Lifeact-GFP and granules with acidotropic dyes, it was proven that blebbistatin and jasplakinolide treatments resulted in concomitant motion restriction on F-actin structures and vesicles (Villanueva et al., 2012a) , and in an increase of vesicular distance to the plasma membrane as a consequence of F-actin stabilization. Indeed, changes in the tension of the F-actinmyosin II network seem to be linked to the coordinated access of secretory granules to the docking sites mediated by munc-18 during cell stimulation (Papadopulos et al., 2015) .
Interestingly, even after docking, F-actin seems capable of controlling the small vibrational motion characteristic of this state, as has been determined by expressing DsRed SNAP-25 (Torregrosa-Hetland et al., 2013) . In this work, SNARE microdomain motion was proven to be altered by F-actin-myosin II inhibitors; therefore, the motion of the vesicles attached to the secretory machinery could be influenced by F-actin beneath the plasma membrane.
Therefore, taking these studies into consideration, it seems clear that the mobility of chromaffin granules in the cortex of neuroendocrine systems depends on the activity of two transport systems: non-processive motion caused by an F-actinmyosin II cytoskeletal dynamic network formed by polygonal cages imprisoning the vesicles, and processive movement generated by the motion of unconventional myosin V and conventional myosin II following actin trails (Gutierrez, 2012; Villanueva et al., 2012b; Papadopulos et al., 2013a) (Figure 1 ). Furthermore, F-actin also plays a plastic role during cell stimulation to promote filopodial formation, therefore creating new and fully functional releasing sites (Papadopulos et al., 2013b) .
Mitochondrial distribution and the F-actin cytoskeleton
Due to their specialized function, most studies analyzing organelle distribution and motion in chromaffin cells have been restricted to granules, although the cytoskeleton may be equally important for distributing other organelles, such as mitochondria or the ER, influencing calcium dynamics and, therefore, the kinetics of the secretory response Garcia-Sancho, 2013 ).
The first evidence about the existence of a cortical mitochondria population in chromaffin cells was obtained in cultured cells from guinea pigs (Inoue et al., 1996) , when its distribution was studied by electron microscopy. This was confirmed recently by using both confocal fluorescence and electron microscopy, and the study extended to analyze the relation between the mitochondria location and the possible transport through cytoskeletal components (Villanueva et al., 2014) . This study shows that two populations of cortical and perinuclear mitochondria could be distinguished not only by their distinct location but also by their mobility and
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organelle size. In agreement with data obtained for vesicles, cortical mitochondria present a clear reduction in their mobility when compared with the mitochondria present in other regions of the cytosol. It is also remarkable that the population of cortical mitochondria, estimated to be around 40% of the total, also presents smaller average sizes and is packed at a higher density (Villanueva et al., 2014) . Again, these data suggest that mitochondria suffer mobility restrictions when they are inserted into the dense meshwork of the F-actin cortex, further demonstrated when latrunculin A, a stabilizer of monomeric actin (Spector et al., 1983) , redistributes mitochondria, decreasing the cortical population and favoring the presence of intermediate and more internal populations (Villanueva et al., 2014) .
How are mitochondria transported to the cell periphery? The perinuclear population of mitochondria presents much more mobility than the cortical ones, and furthermore, the coefficient of diffusion obtained from the mean square displacement (MSD) vs time curves is reduced drastically by jasplakinolide treatment and also by taxol. In consequence, both F-actin structures and microtubules seem to cooperate in order to transport mitochondria in the chromaffin cell cytosol (Villanueva et al., 2014) (Figure 1) . Interestingly, when compared with the peripheral population, the lower mobility of cortical mitochondria is clearly reduced by treatment with F-actin stabilizers but results unaltered when the cells are exposed to taxol. Therefore, cortical mitochondria appear to move in association with the F-actin cortical structures and do not seem to be affected by microtubule disruption. These results could be easily explained by the differential distribution of cytoskeletal elements between the cell cortex and the cytosol of chromaffin cells; microtubules present a radial distribution and are sparse in the cell cortex, whereas F-actin structures are dense and concentrated in the cell periphery (Neco et al., 2003) .
Subpopulations of mitochondria and chromaffin cell function
Different subpopulations of mitochondria have been described in a variety of cellular systems, including secretory systems, such as synaptic and non-synaptic mitochondria in neurons (Hollenbeck, 1996) , as well as perinuclear, perigranular and cortical mitochondria in pancreatic acini (Park et al., 2001) . In these cellular systems, these different subpopulations are associated with the control of the calcium signal in different regions of the cytosol and, therefore, they play specific roles in the regulation of cell function. For example, the perigranular population of mitochondria in pancreatic cells confines the calcium signal in the secretory cellular pole (Petersen & Tepikin, 2008) . Therefore, it seems plausible that the cortical mitochondrial population in chromaffin cells is associated with the subtle regulation of calcium signals at secretory sites. In this sense, there is much evidence of the functional coupling of mitochondria, voltage-dependent calcium channels and the ER, resulting in strict spatial and temporal control of intracellular calcium in the submembrane space (Montero et al., 2000; Villalobos et al., 2002; Garcia-Sancho et al., 2012) . The existence of a large population of cortical mitochondria, estimated at 20 to 40% of the total cell population (Inoue et al., 1996; Villanueva et al., 2014) ( Figure 2 ), appears to support functional data. Interestingly, the distance between the cortical mitochondria and SNARE clusters (the molecular machinery for exocytosis) has been measured (Villanueva et al., 2014) . These results indicate that 1/3 of the cortical mitochondria co-localized with exocytotic sites whereas the rest localized between a distance of 0.2-0.6 µm (e.g., 1-2 granule diameters). Therefore, mitochondria and ER positions (see next point) appear to be located in the immediate space surrounding calcium channels and the readily-releasable pool of secretory vesicles Heinemann et al., 1994) , as well as at the
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distance adequate to control the micromolar calcium levels needed to replenish the vesicles released from reserve pools.
Perinuclear mitochondria could also fulfill a different role, protecting the nucleus from high calcium signals generated in the periphery by interposing diffusional barriers (Gerasimenko et al., 1996; Gerasimenko et al., 2003; Gerasimenko & Gerasimenko, 2004; Chamero et al., 2002; Alonso et al., 2006) . The calcium levels reached in the interior of the mitochondrial matrix will, in turn, be sufficient to stimulate respiration, and consequently increase ATP production . ATP increases might be essential for activating vesicle transport, as well as granular priming and maturation (Gunter et al., 1994; Kumakura et al., 1994; Rizzuto et al., 2000) .
The distribution and motion of other organelles in chromaffin cells
Together with vesicles and mitochondria, the ER has been implicated in the formation of triads, controlling intracellular calcium in the subplasmalemmal space to finely tune the secretory response Garcia-Sancho & Verkhratsky, 2008; Garcia-Sancho et al., 2012) . The ER presents a broad distribution in the cytosol of chromaffin cells, slightly increasing its density in the perinuclear region, but clearly projecting extensions into the cortical region (Villanueva et al., 2014) . The existence of ER cortical projections in the vicinity of active sites has been recently shown (Villanueva et al., 2014) , and seems to agree with the ER capability to form functional triads to control calcium signals beneath the plasma membrane . The motion of ER structures appears to be very limited when compared with granules and mitochondria, being consistent with the idea of the ER as a stable and relatively static network. Nevertheless, the F-
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actin cytoskeleton could be essential for the formation, distribution and stabilization of the ER (Wollert et al., 2002) .
In addition to dense granules, chromaffin and PC12 cells also contain a variety of other vesicles such as electron-dense microvesicles, ovoid and rod-shaped dense vesicles and synaptic like-microvesicles (Koval et al., 2001) . Microvesicles may be part of the endocytic or recycling pathway in neuroendocrine cells (ThomasReetz & De Camilli, 1994) or even participate in exocytosis, playing a different role than that played by granules (Lukyanetz, 2001; Garcia-Martinez et al., 2015) . It is not clear how these microvesicles move in chromaffin cells, but endosomes and lysosomes have been proven to promote F-actin polymerization and propulsion (Taunton et al., 2000) . In chromaffin cells, vesicles accumulating acidotropic dyes, such as lysotracker red, have been shown to move actively in the internal and cortical regions of the cytosol (Giner et al., 2007) , and these vesicles likely represent lysosomes (Moreno et al., 2010) . The motion of such vesicles has been shown to be dependent on F-actin and myosin II, and it is restricted when vesicles are in the cortical network (Giner et al., 2007) , therefore being very similar to the behavior reported for chromaffin granules.
An integrated view of the role of F-actin in defining the position of organelles in chromaffin cells
From the different contributions described in the previous points, it could be inferred that the F-actin cytoskeleton has two main roles that influence the distribution and final positioning of cellular organelles in chromaffin cells: first, as a transport system, exerted in conjunction with microtubules; and second, as a retentive system helping to stabilize and organize these organelles at their final
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This article is protected by copyright. All rights reserved. cellular destination (Figure 1 ). Concerning the transport role, F-actin and its motor proteins, mainly myosins II and V (Neco et al., 2002; Rose et al., 2002; Neco et al., 2003; Rudolf et al., 2003) , appear to be essential for the distribution of newly maturated chromaffin granules and mitochondria, emerging from the perinuclear regions of the Golgi system and spreading to the cell periphery. In doing so, microtubules and their motor protein kinesin (Caviston & Holzbaur, 2006 ) also contribute to this cytosolic transport, presenting a radial distribution in chromaffin cells (Neco et al., 2003) . Once both vesicles and mitochondria reach the cortical region, they are trapped in F-actin cages (Giner et al., 2007; Villanueva et al., 2014) ( Figure 1 ) and reduce their motion in a drastic way (Lang et al., 2000; Oheim & Stuhmer, 2000; Johns et al., 2001; Villanueva et al., 2014) . In addition to reducing their mobility, cortical mitochondria also decrease their size to fit the limited space available within the cortical F-actin cages (Villanueva et al., 2014) . The consequence of the interaction between the F-actin cortex and these organelles is the presence of two different populations of peripheral and perinuclear organelles (Figure 2 ). In this way, granules are positioned in the vicinity of secretory sites and they could replenish the exocytosed vesicles. In addition, cortical mitochondria also locate in the proximity of these granules, synthetizing the ATP needed for the processes of granule maturation, release and membrane recovery. On the other side, a population of perinuclear mitochondria offers enough ATP to support nuclear activity and synthesis of new granules in the perinuclear regions where the ER and Golgi systems are particularly dense (Figure 2 ). The cortical F-actin meshwork determines the trapping of vesicles and mitochondria, forming cortical subpopulations as demonstrated by the cytosolic spread of these organelles if we partially depolymerize the F-actin cortex with latrunculin A (Villanueva et al., 2014) . Other organelle
systems, like the ER, do not seem to divide into two main populations and present a more homogeneous distribution, increasing their density as we approach the perinuclear region (Figure 2 ). In this case, F-actin structures could be important for the stabilization or even for organizing the different organelles in the proximity of active sites, but further research will be needed to understand the nature of such interactions defining the appropriate cytoarchitecture serving the secretory process. 
